Combinations of fluorescent proteins (FPs) are routinely used for multi-parameter in vivo imaging experiments to visualize tagged proteins or cell populations of interest. Studies involving FPs are often limited by spectral overlap, toxicity, relative quantum efficiency, and the potential for immunological rejection upon transfer into a non-tolerant recipient. Here we evaluate the immunologic visibility of several commonly used FPs by the murine immune system and identify a spectrally compatible, immunologically tolerated combination of FPs well suited for in vivo two-photon imaging.
T wo-photon laser scanning microscopy (TPLSM) 1 has vertically enhanced our understanding of biological systems by allowing real-time deep tissue imaging 2, 3 . Two-photon microscopes are usually equipped with titanium-doped sapphire (Ti:sapphire) lasers that generate pulsed near-infrared light 3, 4 . Using a Ti:sapphire laser, excitation of a fluorophore is achieved when two photons are absorbed simultaneously 5, 6 . This ensures that the probability of excitation is highest in the focal plane, thus minimizing undesirable excitation above and below this plane. Moreover, use of near-infrared light allows deeper penetration into tissues than can be achieved with conventional single photon lasers. In fact, imaging depths of greater than 1 mm have been reported in the literature 7 . Given these advantages and others, TPLSM has become an invaluable microscopy technique for imaging living systems, and its use has expanded greatly in recent years 2, 3 . Because TPLSM allows design of 4-dimensional (4D) multi-parameter in vivo imaging experiments, it is routine to utilize panels of fluorescent probes, proteins, etc. to visualize multiple cell populations and/or structures of interest. This requires optimization to ensure compatibility among the selected fluorophores. Use of fluorescent proteins became a mainstay in the imaging community following the discovery of green fluorescent protein (GFP), which was isolated from the jellyfish Aequorea Victoria [8] [9] [10] . The palette of available fluorescent proteins (FPs) has expanded considerably since then to include derivatives of GFP such as cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) 11 . FPs have also been isolated from other species such as DsRed from the coral Discosoma
12
. DsRed is a tetrameric red fluorescent protein that was later used to generate derivatives like monomeric red fluorescent protein (mRFP), monomeric orange fluorescent protein (mOrange), and mCherry 13 .
There are now more than 50 different FPs available with spectral properties ranging from blue to far red 11, 14 . However, it is important to consider that not all FP combinations are ideal, and some FPs can be toxic or even immunologically rejected upon transfer into a non-tolerant host 15, 16 . We therefore set out in this study to evaluate the immunologic visibility of several commonly used FPs and to identify a combination of FPs that are bright, non-toxic, spectrally separable, and immunologically tolerated following adoptive transfer.
At present, it is standard practice in two-photon imaging experiments to adoptively transfer FP-tagged cells from a FP-positive donor into a genetically identical FP-negative recipient. Because FPs are non-self, adoptive transfers have the potential to result in a FP-specific immune response 16 . To evaluate the immunological ''rejectability'' of three commonly used FPs (i.e. CFP, GFP, and DsRed), we set up an adoptive transfer paradigm to monitor FP rejection over time. This was accomplished by crossing mice that express CFP, GFP, or DsRedT3 under the b-actin promoter with CD8 1 T cell receptor (TCR) transgenic mice that recognize the glycoprotein (GP), amino acids 33-41, of lymphocytic choriomeningitis virus (LCMV) presented in H-2D b (referred to as P14 mice) 17 . The resultant F1 crosses yielded P14 T cells expressing CFP, GFP, or DsRed under the b-actin promoter. These cells were isolated from the spleen, and 5,000 of each population were adoptively transferred into C57BL/6J (B6) recipients. One day later the mice were challenged intraperitoneally with lymphocytic choriomeningitis virus (LCMV) Armstrong strain, which results in an acute viral infection that is cleared in 8-10 days 18 . Following infection CFP, GFP, and DsRed P14 cells divided extensively and could be monitored flow cytometrically at weekly intervals in the blood over time (Fig. 1A,B ). All cell populations were observed at comparable frequencies in the blood at day 7 post-infection (Fig. 1A) . LCMV-specific CD8 1 T cell expansion is ordinarily followed by contraction, and, ultimately, the stable maintenance of memory T cells 19 . CFP and GFP P14 cells underwent contraction and were stably maintained in circulation 3 months following infection (Fig. 1A,B) . In contrast, DsRed P14 cells rapidly contracted between 7 and 14 days post-infection and were no longer present in circulation by day 21. This is consistent with DsRed being recognized as a foreign protein and rejected by the murine immune system 16 . To definitively address this hypothesis and determine whether tolerance to DsRed could be established, we performed adoptive transfer studies in transgenic mice expressing DsRed (DsRed Express 2) under the neuron specific enolase promoter 20 (NSEDsRedE2) (Fig. 1C, D) . Quantitative PCR revealed that DsRed was expressed at detectable levels in the brain and kidneys of NSEDsRedE2 mice, potentially allowing for induction of peripheral tolerance to DsRed due to its expression as a self-protein. We next adoptively transferred DsRed P14 cells into NSE-DsRedE2 mice and compared their expansion and contraction kinetics following LCMV infection to cells transferred into wild type B6 controls. Importantly, DsRed P14 cells were stably maintained in NSEDsRedE2 mice (comparable to GFP P14 cells) but not wild type B6 mice (Fig. 1D) . To confirm that NSE-DsRedE2 mice were indeed immunologically tolerant to DsRed, we quantified serum antibody titers to DsRed over time (Fig. 1E, F) . A marked increase in serum anti-DsRed antibody titers were observed in B6 mice between 7 and 14 days post-infection that paralleled the kinetics of DsRed P14 cell rejection in these mice (Fig. 1B, D) . No detectable anti-DsRed antibody response was observed in NSE-DsRed mice, indicating that immunological tolerance to DsRed had been established.
Given the issues associated with DsRed and the degree of spectral overlap between CFP, GFP, and YFP, we set out to develop a palette of FPs that were spectrally separable and would not be rejected in a B6 host. To this end, we generated two new transgenic reporter mice expressing mOrange or monomeric teal fluorescent protein (mTFP1) under the CMV early enhancer/chicken b-actin (CAG) promoter ( Fig. 2A, B) . mOrange is a monomeric derivative of DsRed that can be excited with longer wavelengths of two-photon light (,1000 nm) and emits between 549 and 565 nm 12 , making it spectrally separable from common GFP-derivatives like CFP and YFP. mTFP1, on the other hand, was previously engineered based on tetrameric CFP from Clavularia coral 21 . We selected mTFP1 because of its photostability, high quantum yield (,2-fold higher than enhanced GFP), and emission peak at 492 nm, which provided a superior replacement for CFP.
Potential CAG-mOrange and CAG-mTFP1 founder lines were screened flow cytometrically for uniform FP expression in the hematopoietic system ( Fig. 2A, B) . Flow cytometric analyses revealed a mosaic of expression patterns, with the percentage of FP-positive hematopoietic cells ranging from 17% to greater than 95% ( Fig. 2A , B). Mice with homogenous FP expression in .95% of circulating CD45
1 hematopoietic cells were selected as founders for backcrossing. After establishing the founder lines, CAG-mOrange and CAGmTFP1 mice were crossed with P14 mice to generate a traceable population of virus-specific CD8
1 T cells to monitor in LCMVinfected adoptive transfer recipients. Following LCMV infection, mTFP1
1 and mOrange 1 P14 cells expanded comparably in B6 recipients and were maintained stably in circulation following the expected contraction phase (Fig. 2C, D) . These data indicate that mTFP1 and mOrange were not recognized as being foreign in a B6 host. Because mOrange is a monomeric derivative of tetrameric DsRed, we postulated that the reduction in antigenic complexity contributed in part to the immunological ignorance of mOrange following adoptive transfer. Consistent with this theory, evaluation of a second monomeric DsRed derivative (i.e., mRFP1) revealed no evidence of rejection in B6 mice following LCMV infection (Fig. 2C,  D) .
Having generated two new transferrable FP reporter lines, we lastly evaluated the ease with which the FPs expressed in these lines could be detected and spectrally separated following two-photon illumination in a living tissue. This was accomplished by conducting in vivo multi-parameter TPLSM experiments with the two-photon laser tuned to 920 nm. CAG-mOrange and CAG-mTFP1 mice were crossed with P14 mice to generate populations of traceable LCMVspecific CD8
1 T cells. Naïve CD11c-YFP mice that express YFP in dendritic cells 22 were seeded intravenously with naïve mTFP1 and mOrange P14 cells (5,000 of each population) and infected one day later with LCMV. For comparison, we seeded another group of CD11c-YFP mice with CFP and GFP P14 cells. CFP, GFP, and YFP are used for multi-parameter two-photon imaging experiments, but the color combination is spectrally sub-optimal. Separation of the emission spectra using dichroic mirrors at 458, 495, and 525 nm revealed a considerable degree of overlap between the FPs (Fig. 3A , upper panel). This overlap becomes even more apparent in an unprocessed four-color TPLSM data set captured in the intact lymph node of a LCMV-infected CD11c-YFP mouse seeded with CFP and GFP P14 cells (Fig. 3A , middle panel; Movie 1). Images corresponding to the four channels of the NDD4 detector array show the original fluorescence emissions for second harmonic (channel 1), CFP (channel 2), GFP (channel 3), and YFP (channel 4). Note the considerable degree of fluorescence overlap between the channels, particularly in the merged image. Application of a spectral unmixing algorithm to the data set resulted in better separation between the channels, but some overlap remained (Fig. 3A , lower panel; Movie 1). This is evidenced by the failure to generate four pure channels (white, blue, green, red) in the resultant merged image (Fig. 3A, lower panel) .
By comparison, the emission spectra for mTFP1, YFP, and mOrange showed a much better degree of separation than the CFP/GFP/YFP color combination (Fig. 3B, upper panel) , and using optimally placed dichroic mirrors at 458, 510, and 561 nm, the resultant original TPLSM data set revealed a lower degree of overlap between the channels. For example, pure blue and red coloration was observed in the original merged image (Fig. 3B , middle panel; Movie 2). Spectral unmixing further improved the quality of this data set and generated perfect separation of the data into four distinct channels (white, blue, green, red) (Fig. 3C, lower panel; Movie 2 ). These data demonstrate that mTFP1, YFP, and mOrange are a well suited color combination for multi-parameter two-photon imaging experiments.
In conclusion, FPs have become an essential component of many in vivo two-photon imaging experiments, and FP-tagged cells are often transferred into recipients despite the potential for immunological rejection of the foreign FP. In this study, we set up an adoptive transfer paradigm to evaluate the rejectability of several commonly used FPs. Surprisingly, we observed that only 1 of the 6 FPs tested (DsRed) was rejected upon adoptive transfer into a B6 recipient, consistent with a previous study showing that a cytotoxic lymphocyte response can be generated against this protein 16 . We further demonstrated that a humoral response is also mounted against DsRed and that rejection of this FP can be prevented upon establishment immunological tolerance. Interestingly, the dominant DsRedT3 epitope (SSLQDGCFI) previously reported to be recognized by CD8
1 T cells in B6 recipients is mutated by one amino acid in mOrange and mRFP1 (SSLQDGEFI) 16 . It is conceivable that the substitution of a polar hydrophilic amino acid like cysteine (C) in DsRedT3 to a negatively charged glutamic acid (E) in mOrange/mRFP1 could impair CD8 T cell receptor recognition. Alternatively, we postulate that rejection of DsRed in non-tolerant mice is linked to its tetrameric structure and/or ability to aggregate [23] [24] [25] , as monomeric deri- vatives of DsRed were not viewed as foreign upon adoptive transfer. Tetrameric or aggregate DsRed may promote humoral immunity by eliciting multi-valent stimulation of B cell receptors following release from dead or dying cells 26 . DsRed aggregation may also facilitate uptake by antigen presenting cells and presentation to T cells.
To obtain a spectrally compatible color palette for multiparameter two-photon imaging experiments, we generated two new transgenic FP reporter mice: CAG-mTFP1 and CAGmOrange. mTFP1 is very photostable and has one of the highest quantum yields of any FP 21 . mOrange is also photostable 13, 27 and has the added advantage of being photoconvertible to a far-red protein 28 . Both proteins were immunologically tolerated by the B6 immune system and performed optimally in a TPLSM experiment when imaged with YFP. This contrasted with the CFP/GFP/YFP combination which retained some spectral overlap even after unmixing. Another advantage of using mTFP1/YFP/mOrange is that all three FPs (plus collagen) were excited with a single wavelength of two-photon light (920 nm), which has advantages over other FP combinations that require dual lasers set to different wavelengths 29, 30 . Collectively, our studies should help advance future TPLSM experimentation by a providing a compatible, immunologically-tolerated FP combination for adoptive transfer studies. GP 33-41 TCR-tg (P14) mice 17 were bred and maintained under specific pathogen free conditions at the National Institute of Health (NIH). B6, actin-CFP, actin-GFP, actin-DsRedT3, and actin-mRFP1 were originally purchased from The Jackson Laboratory. CD11c-YFP mice 22 , generously provided by M. Nussenzweig (Rockefeller University, New York, NY), were backcrossed for three additional generations to obtain mice on a pure B6/J background. Fluorescent proteinexpressing P14 cells were generated by setting up F1 crosses between P14 (or Thy1.1 P14) mice and each of the aforementioned actin transgenic reporter mice.
Transgenic mouse generation. All transgenic mice were generated by the National Institute of Mental Health (NIMH) Transgenic Core Facility. To generate mice expressing DsRed Express2 under the neuron specific enolase promoter (NSEDsRedE2) a cDNA construct was made by replacing the cytomegalovirus (CMV) promoter in the pCMV DsRed-Express2 vector (Clontech) with the murine NSE promoter. The NSE promoter sequence (2060 bp) was PCR amplified using primers (fwd: 59ATATATATTAATGTTGTTAAACCTTCGATTCCG39; rev: 59TATATGCTAGCTCGAGGACTGCAGACTCAG39) containing the AseI and NheI restriction enzyme sites. This promoter was cloned into the pCMV-DsRedE2 vector following removal of the CMV promoter. A rabbit beta-globin polyadenylation signal sequence (462 bp) was PCR amplified from the pCAG-GFP vector (Addgene) and inserted downstream of DsRed-Express2 cassette at NotI restriction enzyme site. Transgenic mice expressing monomeric teal fluorescent protein (mTFP1) under the chicken b-actin promoter were generated by first PCR amplifying the entire 708 bp mTFP1 coding region using primers (fwd: 59ATATATGAATTCGCCACCATG-GTGAGCAAGGGCGAGG39; rev: 59ATATATCTC GAGTTACTTGTACAGCTC-GTCCATG39) containing EcoRI and XhoI restriction sites. This cDNA was cloned into the same sites following removal of the GFP sequence from the pCAG-GFP vector (Addgene). The resultant plasmid was digested with Sal I/HindIII, and a 3102 bp fragment containing the CMV early enhancer/chicken b-actin (CAG) promoter, mTFP1, and PolyA sequence was prepared for microinjection into the pronuclei of fertilized mouse eggs. Mice expressing monomeric orange fluorescent protein (mOrange) under the CAG promoter were generated in a similar manner. The entire 711 bp coding sequence for mOrange was PCR amplified from the pmOrange Vector (Clontech) using the aforementioned primers and cloned into pCAG-GFP following removal of GFP with EcoRI and XhoI. A 2900 bp fragment consisting of the CAG promoter, mOrange and a PolyA sequence was cut with Sal I/ HindIII and prepared for microinjection. To generate all transgenic mice, linearized constructs were injected into C57BL/6N eggs. Following selection of transgene positive founder lines, all mice were backcrossed onto the C57BL/6J background for 10 generations. Mice were confirmed to be on a pure C57BL/6J background using single-nucleotide polymorphism (SNP) analysis (Charles River).
Virus. LCMV Armstrong (Arm) clone 53b was propagated on BHK-21 cells, and viral titers were established by performing plaque assays on Vero cells. Mice were infected intraperitoneally with 2 3 10 5 PFU of virus.
Mononuclear cell isolation. Splenocytes were mechanically disrupted through a 100-mm nylon mesh, treated for 5 min with red blood cell lysis buffer (0.14 M NH 4 Cl and 0.017 M Tris-HCl, pH 7.2), washed twice, and resuspended in PBS containing 1% FBS. Peripheral blood mononuclear cells (PBMCs) were obtained by mixing 200 ml of blood with 10 ml of red blood cell lysis buffer on ice for 1 h. Afterward, PBMCs were centrifuged, washed, and resuspended in PBS containing 1% FBS.
CD8
1 T cell isolation and adoptive transfer. CD8 1 T cells were purified from spleens of naïve P14 mice by negative selection using an EasySep Mouse CD8
1 T cell enrichment kit (STEMCELL Technology) per the manufacturer's instructions. The purity of each preparation was flow cytometrically determined to be greater than 98%. One day prior to LCMV infection, naïve C57BL/6J mice were seeded intravenously with 5,000 fluorescent protein (CFP, mTFP1, GFP, mOrange, DsRed, or mRFP1) tagged CD8
1 P14 T cells. Real-time PCR. All tissues were homogenized and subsequently treated with TRIzol before performing a column-based RNA purification using the PureLink RNA mini kit (Life Technologies). The extracted total RNA was then treated with amplification grade DNAse I (Life Technologies) to remove any contaminating genomic DNA. 250 ng of total RNA was used for cDNA synthesis using iScript TM cDNA Synthesis Kit (Bio-Rad). To determine the absolute copy number of DsRed mRNA in various tissue samples, 12.5 ng cDNA was used for quantitative real-time polymerase chain reactions (Q-PCR) with DsRed specific primers (fwd: 59GGCACCTTCAT-CTACCACG39 and rev: 59 CTTGTGGATCTCGCCCTTC39). Known quantities of linearized pCMV-DsRed plasmid (Clontech) served as a reference for standard curve generation. Q-PCRs were performed using SYBR Green PCR master mix (Applied Biosystems) and a CFX96 Real-Time PCR machine (Bio-Rad). Q-PCR reactions were run with an initial denaturation temperature of 95uC for 10 min, which was followed by 40 cycles of a three-step amplification (95uC for 30 s, 60uC for 20 s, and 72uC for 20 s). All reactions were performed in duplicate, and RNA samples without reverse transcriptase served as a negative control.
Two-photon microscopy. Two-photon imaging was performed as described previously 31 . Briefly, lymph nodes were glued to a plastic cover slip. The coverslip was then placed into a flow chamber perfused with 37uC high-glucose DMEM bubbled with a mixture of 95% O 2 and 5% CO 2 . 3D time lapses were captured using a Leica SP5 two-photon microscope equipped with an 8,000-Hz resonant scanner, a 203 waterdipping objective (1.0 NA), a quad NDD4 external detector array, and a Mai Tai HP DeepSee Laser (Spectra-Physics) tuned to 920 nm. Stacks consisting of 15 to 30 planes (2 mm step size) were acquired at 30 sec intervals beginning 50 mm below the cut surface. Signal contrast was enhanced by averaging 12 video frames per plane in resonance scanning mode. Fluorescence emission was passed through customized dichroic mirrors (Semrock) in the NDD4 external detector. Collagen structure in the lymph node was visualized by collecting second harmonic signal corresponding to emission wavelengths less than 458 nm. For simultaneous detection of second harmonic, CFP, GFP, and YFP, the following dichroic mirrors were used: 458nm-LP, 495nm-LP, 525nm-LP. For detection of second harmonic, mTFP1, YFP, and mOrange the 495 nm mirror was replaced with 510nm-LP and 525 nm with 562nm-LP (see Fig. 3A,B) . Following acquisition, all images were spectrally unmixed using the Leica Application Suite AF software before final processing was performed in Imaris 7.3 Software (Bitplane).
Graphs. All graphing and curve fitting was performed using GraphPad Prism 6.0 (GraphPad Software, Inc.). The fitted curves shown in Figures 1B, 1D , and 2D were generated using the equation for a one phase decay: Y 5 (Y0 2 Plateau)*exp(2K*X) 1 Plateau. The curves in Figure 1E were generated using the equation for a sigmoidal dose-responses: y 5 Bottom 1 (Top 2 Bottom)/(1 1 10 ((LogEC502X)*HillSlope) ).
Animal ethics. All experiments involving mice were approved by the National Institutes of Health Animal Care and Use Committee and conducted in accordance with the guidelines set forth by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
